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Introduction
The Spectral Analysis of Surface Waves (SASW) method is widely used to determine the dynamic shear
modulus and the material damping ratio of soils. It is based on an in situ experiment where waves
are generated by means of an impact hammer, a falling weight, or a hydraulic shaker. The resulting
wave field is recorded by a number of sensors at the soil’s surface and used to determine dispersion and
attenuation curves. An inverse problem is solved to identify the shear wave velocity and the material
damping ratio profiles: the (theoretical) dispersion and attenuation curves are calculated for a given soil
profile and compared to the (experimental) corresponding curves derived from the surface wave test.
The soil profile is subsequently adjusted in order to minimize the distance between the experimental and
the theoretical curves.
This paper focuses on the determination of the material damping ratio of the soil by means of the SASW
method. Two new methods to determine the material damping ratio profile of the soil are presented,
based on (1) the half-power bandwidth method and (2) the spatial decay of the Arias intensity. Both
methods are applied to a test site in Heverlee (Belgium).
The paper consists of three parts, addressing (1) the in situ experiment, (2) the determination of dis-
persion curve, attenuation curve, and Arias intensity from the measurement data, and (3) the inverse
problem where the soil profile is identified.
The in situ test
The SASW experiment is usually performed using a relatively small number of receivers (about 10),
located at exponentially increasing distances from the source. However, there is a trend to use a larger
number of receivers (about 50-100) to capture the spatial variation of the wave field in a more accurate
way. This is important for the determination of the attenuation curve. The attenuation curve is deter-
mined from the spatial decay of the wave field, which is more accurately measured in the case with a
large number of receivers.
In the experiment performed in Heverlee, surface waves are generated by means of a hammer impact on
a small aluminum foundation. The response has been measured at 90 equidistant locations from 1m to
90m from the source.
The wave field recorded in the SASW test is contaminated by noise. To mitigate the influence of the
noise, the test is repeated a number of times (i.e. multiple hammer impacts are recorded) and the average
transfer function HˆEzz(r, ω) from the hammer force (channel i) to the free field response at a distance r
(channel j) is computed. To this end, the H1 estimator [2] is used:
HˆEzz(rj, ω) =
Sˆji(ω)
Sˆii(ω)
with Sˆij(ω) =
1
N
N∑
k=1
xˆki (ω)xˆ
k∗
j (ω) (1)
where xˆki (ω) is the frequency content of the signal recorded in channel i for impact k, and xˆk∗j (ω) is
the complex conjugate of xˆkj (ω). The index i refers to the force channel, the index j refers to the j-th
receiver, located at a distance rj from the source.
The dispersion and attenuation curves
In the past two decades, much attention has been paid to the determination of the dispersion curve from
the data recorded in the SASW test, resulting in several well established methods. The determination of
the attenuation curve has been tackled only recently [5, 7]. Existing methods to determine the attenuation
curve are based on the spatial decay of the Rayleigh wave and rely on the knowledge of the geometric
damping. These methods may lead to incorrect results (1) if the geometric damping is calculated based
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on an inaccurate shear wave velocity profile and (2) when higher modes contribute to the wave field in
the soil.
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Figure 1 Experimental (a) f–k spectrum H˜(kr, ω), (b) dispersion curve CER(ω) and (c) attenuation
curve αE
R
(ω) for the site in Heverlee.
Two alternative methods to determine the material damping ratio have therefore been developed. The
first new method is based on the half-power bandwidth method and proceeds as follows. First, the
frequency-wavenumber content H˜Ezz(kr, ω) of the transfer function HˆEzz(rj , ω) is computed by means
of a discrete approximation to the Hankel transformation [3]. Figure 1(a) shows the f–k spectrum
H˜Ezz(kr, ω) for the site in Heverlee. This spectrum has been normalized for each individual frequency. It
exhibits peaks corresponding to the Rayleigh modes. The peak corresponding to the dominant Rayleigh
wave is identified and the dispersion curve CE
R
(ω) is derived from the peak’s position. The resulting
dispersion curve is shown in figure 1(b).
Next, the attenuation curve αE
R
(ω) is derived from the peak’s width, using the half-power bandwidth
method. The half-power bandwidth method has originally been developed in the field of structural dy-
namics to determine the modal damping ratio of a structure from the width of the peaks in the structure’s
frequency response function. It is verified numerically that the half-power bandwidth method is also
applicable to the wavenumber content of the soil’s response, resulting in the attenuation coefficient of
the surface waves. The attenuation curve αE
R
(ω) for the site in Heverlee is shown in figure 1(c). In the
next section, the curve αE
R
(ω) is inverted to determine the material damping ratio profile of the soil.
In this alternative approach, the experimental attenuation curve is derived directly from the experimental
data, avoiding the use of a (possibly incorrect) estimate of the soil’s shear wave velocity. Moreover, the
occurrence of multiple Rayleigh modes does not affect the attenuation curve of either the fundamental or
the dominant Rayleigh wave, as long as modes occur as separate, non-interfering peaks in the frequency-
wavenumber spectrum. When modes interfere, it is not always possible to identify the mode number
and estimate the degree of their participation, however.
The second new method for the determination of the material damping ratio does not involve the deter-
mination of the attenuation curve; it is based on the decay of the Arias intensity at the soil’s surface. In
this method, an experimental intensity curve IEzz(rj), which gives the spatial decay of the Arias inten-
sity, is calculated. Figure 2 shows the Arias intensity IEzz(rj) at different receivers at the surface at the
site Heverlee. In the next section, the curve IEzz(rj) is inverted to determine the material damping ratio
profile of the soil.
In this method, there is no need to identify mode numbers. The occurrence and interference of higher
Rayleigh modes does not affect the resulting material damping ratio, as the contribution of all modes is
properly taken into account in the computation of the theoretical Arias intensity ITzz. Compared to the
first new method, this approach involves a slightly higher computational effort.
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Figure 2 The experimental Arias intensity curve IEzz(rj) calculated at different offsets at the site in
Heverlee.
The inverse problem
The soil profile is finally determined from the experimental dispersion, attenuation, and intensity curves
through the solution of an inverse problem. The direct stiffness method [4, 10] is used to calculate
the theoretical dispersion, attenuation, and intensity curves of a soil with a given stiffness and damp-
ing profile. The profile is iteratively adjusted in order to minimize a misfit function that measures the
distance between the theoretical and the experimental dispersion, attenuation, and intensity curves. The
minimization problem is solved with a gradient based local optimization method.
The results of the inversion procedure are presented in figure 3. Figure 3(a) shows the shear wave ve-
locity profile determined from the inversion of the dispersion curve. This profile is used in the inversion
of both the attenuation and the intensity curve. Figure 3(b) compares the material damping ratio pro-
files determined using the two proposed methods. These damping profiles do not agree well. A direct
assessment of the accuracy of these soil profiles is impossible due to the lack of a reference soil profile
for the test site in Heverlee. A comparison is therefore performed where the theoretical transfer func-
tion HˆTzz(rj , ω) is computed for both soil profiles and compared to the experimental transfer function
HˆEzz(rj , ω). The results are shown in figure 4 for three different offsets from the source.
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Figure 3 (a) The shear wave velocity profile as determined by the SASW method and (b) the material
damping ratio profile as determined by the half-power bandwidth (red line) and the intensity curve (blue
line) methods for the site in Heverlee.
Figure 4(a) compares the experimental and the theoretical displacement transfer functions at 2 m from
the source. It is observed that both proposed methods lead to a good correspondence with the experimen-
tal results at small distances from the source, where the influence of the material damping on the response
is small. At larger distances, the second method leads to a theoretical transfer function HˆTzz(rj, ω) that
agrees very well with the experimental data, as shown in figures 4(b) and 4(c). The theoretical transfer
function HˆTzz(rj , ω) obtained with the first method is slightly worse but still acceptable. While both
material damping ratio profiles are completely different, the resulting transfer functions HˆTzz(rj , ω) are
quite similar. This is explained by the non-uniqueness in the inverse problem of the SASW method: a
large variety of soil profiles can be found that correspond well to the experimental data. Schevenels et
al. [8, 9] performed a detailed study of this non-uniqueness.
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Figure 4 Comparison between the experimental (black line) results and the SASW with the half-power
bandwidth method (red line) and SASW with the intensity curve (blue line) method at offsets (a) 2 m (b)
20 m and (c) 80 m for the site in Heverlee.
Conclusion
This paper focuses on the determination of the material damping in the soil by means of the SASW
test. Two new methods are proposed. The first method is based on the half-power bandwidth method
applied to the width of the peaks in the f–k spectrum to determine the attenuation of Rayleigh waves.
The second method uses the spatial decay of the Arias intensity at the surface to determine the material
damping ratio. Both methods are used to determine the material damping ratio in the soil at a site in
Belgium. The identified soil profiles are used to simulate the wave field registered in the SASW test,
which is confronted with the experimental data. Good results are obtained with both methods, the second
method performing slightly better than the first.
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